Abstract-Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) are ubiquitous pollutants in the environment. Due to their physical-chemical properties, PAHs and PCBs can be accumulated in organic matrices such as living organisms, soil and sludge. Their toxicity and mutagenicity is a serious concern. In many cases an effective strategy to assess the pollution of water streams is to detect these compounds using biofilms, sediment and sludge as passive samplers.
I. INTRODUCTION
Since the 80s an increasing environmental awareness at an international level led to the adoption of new specific legislations for monitoring persistent organic pollutants (POP) in air, soil and water [1] - [3] . Several classes of organic compounds have been listed as priority pollutants and related environmental monitoring procedures acquired great relevance.
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sludge [4] , [5] . On a global scale around 85% of the emitted PAHs are represented by low molecular weight PAHs, such as naphtalene, phenanthrene, acenaphtilene, acenaphthene, fluorine, fluoranthene, pyrene, anthracene, whereas the high molecular weight PAHs cover only the least of the overall emission [6] . Within this investigation, phenanthrene and pyrene are the reference PAH compounds due to their high environmental occurrence. The main properties of PAHs are low solubility, high vapor pressure, high octanol-water and octanol-air partitioning coefficient [7] , [8] . Polychlorinated biphenyls (PCBs) are a class of POP, in which two or more chlorine atoms are attached to a molecule of biphenyl [9] . Although their industrial production and their use in open systems has been prohibited since late 70s in most countries, PCBs are still among the most common POP found in the environment. These compounds were used extensively within several industrial processes [10] . The fall out of PCBs in the environment is in part the result of their accumulation in soil, sediments and living organisms, which took place in those years. PCBs can be released also by combustion of coal in power stations, burning of coal and wood for domestic and municipal heating, incineration of waste and fortuitous events like fires [10] : PCBs display low water solubility, high thermal and chemical stability and high dielectric constant.
In aquatic environments, biofilms colonize most of the solid-liquid interfaces and can absorb and accumulate dissolved organic pollutants. Biofilms are microbial aggregates, in which bacterial cells are enveloped by a matrix of self-produced extracellular polymeric substances (EPS) such as polysaccharides, proteins, lipids, humic acids and DNA [11] . In rivers and water streams, microbial biofilms can absorb, accumulate and biodegrade organic pollutants [12] - [15] . Polar hydrophilic pollutants are accumulated in biofilms due to strong electric interactions, whereas the sorption of hydrophobic organic pollutants in the EPS matrix of biofilms is mostly diffusive [16] and driven by the establishments of weak interactions between the functional groups of the EPS polymers and the sorbed molecules. Also the secondary structure of the EPS matrix affects the diffusivity of the absorbed molecules by obstruction [17] - [20] . It is known that biofilms can be both sinks and sources of hydrophobic pollutants in aquatic systems. Under specific conditions (e.g. change in ionic strength and pH of the water phase), desorption of the absorbed molecules can occur [21] , [22] . The sorption mechanism is indeed a reversible phenomenon.
Desorption is not the only mechanism, which influences the fate of hydrophobic compounds (HOC) in biofilms. Once absorbed, the molecules of PAHs can undergo aerobic and anaerobic biodegradation [23] , whereas PCBs such as di-, tri-chlorinated biphenyls are biodegraded prevalently aerobically [24] . Highly chlorinated PCBs, with more than four chlorine atoms seem biorefractory to aerobic bacteria. Assuming thata time-limited event of pollution within a water stream takes place, it is possible to delineate a simplified scenario (Fig. 1) . When a volume of contaminated water"B" gets in contact with a certain surface of a biofilm ( Fig. 1.1 and 1.2) , absorption of the dissolved pollutant into the biofilm begins ( Fig. 1.3 ). The absorption is driven by the gradient of concentration between the inner biofilm and the water phase and it goes on untillthe equilibrium is reached.After some time, the pollution event ends and the volume of polluted water flows over the biofilm, proceeding its course downstream. The following clean water phase"A", which gets in contact with the biofilm immediately after,does not contain the pollutant (Fig. 1.4 ). At this point, an opposite gradient of concentration between the inner biofilm and the water phase is established and it promotes the diffusion of the molecules outside from the biofilm [25] .Now the volume of water "A"contains the pollutant and becomes "B" (Fig. 1.5 ). This water volume "B" transports the pollutant further along the water stream ( Fig. 1.6 ). This desorption mechanism occurs while the microbial communities in the biofilm degrade part of the pollutantmolecules (Fig. 1.5 ). Thus, desorption and biodegradation cause the depletion of the pollutant inside the biofilm matrix. This generatesa memory effect. The amount of pollutant in the biofilm will not remain detectable inside the biofilm indefinitely. When biofilms, sludge and sediments are analyzed in order to trace pollutants in water systems, the memory effect becomes one of the main parameters, which need to be investigated. It tells us how long the pollutant will be detectable inside the biofilm after a specific pollution event has occurred.
Although biofilms have been already exploited for monitoring PAHs, PCBs and other hydrophobic pollutants in contaminated water streams [26] - [29] , this critical aspect has never been considered. What is the extent of the memory effect? If the pollutant is not detected inside a biofilm sample, how can one know if the pollutant has ever been travelling that water stream in thefirst place? Can one monitor pollutants in water bodies using microbial biofilms without this information?
The aim of this manuscript is to provide the reader with answers to these questions using previously published data. Kinetic models for the sorption of PAHs, PCBs and other pollutants have been published and biofilm properties are well known.
In the next chapters three simplified models will be described. The memory effect will be calculated in three different ways. At first it will be described considering biodegradation and desorption separately. At the end, the simultaneous influence of both biodegradation and desorption will be used to calculate the final extent of the memory effect. This will facilitate the review of all data.
II. CALCULATIONS
In this chapter it is explained how the extent of the memory effect has been calculated. The math required is very simple. Raw published values have been collected from the literature and used to implement a well-known kinetic model.
However, few considerations are necessary.
As previously explained, the main mechanisms which influence the residence time of an absorbed molecule inside the biofilm matrix after absorption equilibrium has been reached are biodegradation and desorption. These two mechanisms occur simultaneously, and therefore depending on their kinetics, they might influence each other. This will be considered and described later.
Biodegradation rates for both PAHs and PCBs in biofilms and surrogate matrices have abundantly published. They can be exploited easily. On the contrary desorption rates for these pollutants have not been reported yet and therefore it is necessary to choose a mathematical function, which can describe the kinetic of this mechanism. According to the available data, a first order kinetic function seems to be the most used tool for studying the sorption of organic compounds inside gel-like matrices, biofilms and surface
where n is the order of the kinetic, k is the rate constant (t -1 ), C is the concentration of pollutant in the biofilm (mg/L) and t is the time.
However, the kinetic function alone does not quite suffice. It is still necessary to calculate the concentration of the pollutant inside the biofilm at the beginning of the desorption process. This concentration is primarily the absorption equilibrium concentration of the pollutant in the biofilm matrix. This value will be the concentration from which the desorption and the biodegradation together will start to affect the extent of the memory effect. This would happen after the concentration of the pollutant in the outer water phase has dropped down to zero. This is how the concentration of the pollutant is calculated:
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In order to calculate this concentration C, reference values of distribution coefficients (K d ) and water solubility of each class of compounds were collected from other studies. The solubility of pyrene and phenanthrene in water is 0.18 mg/L and 1.5 mg/L respectively [38] , [8] . The reference PCBs display a water solubility of 0.2-0.9 mg/L [39] .The modeling refers to the molecules of the pollutant which are dissolved into the water phase, since these are the molecules involved in the partitioning process. The choice of a suitable partition coefficient will be presented in the next section.
At last, one further consideration. The desorption of PAHs and PCBs from surface sediments and similar organic matrices is often modeled as a monophasic or a biphasic mechanism. The biphasic model involves the use of two different values of rate constants: fast rate constant and slow rate constant. These values can vary from each other for three or four orders of magnitude [40] - [42] . These two different values will be also considered for the calculation of the desorption rates.
A. Partition Coefficients
In order to solve the equation 1, it is necessary to find a suitable partition coefficient. Knowing the solubility of a reference pollutant in water, the partition coefficient gives information on its concentrations in the biofilm at the equilibrium of the absorption mechanism. The octanol-water partition coefficient (K ow ) and the organic carbon partition coefficient (K oc ) are the most common parameters used to study the sorption properties of biofilms. The K oc is calculated by the ratio between the distribution coefficient biofilm-water (K d ), which is normalized to the dry weight, and the organic carbon fraction (f oc ) of the biofilm [30] . The K oc of phenanthrene and pyrene for microbial biofilms has been reported as equal to 12.400 (L/Kg) and 38.000 (L/Kg) respectively [30] . The octanol-water partition coefficient K ow is the value obtained by the ratio of the molar concentrations of a compound taken at the equilibrium of the partitioning between water and n-octanol. The K ow of phenanthrene and pyrene have been previously measured and reported as equal to 28.000 (L/Kg) and 75.000 (L/Kg) respectively [43] , [44] . The K oc of 2-CBs, 3-CBs and 4-CBs has been reported as equal to 104-106 (L/Kg) and the K ow as equal to 104-108 (L/Kg) [45] , [46] . These values indicate that at the equilibrium of the partitioning process, the concentration of the pollutants inside the organic fraction of the biofilm would be several times higher than their water solubility. Although widely used, these parameters will not be considered in this work. They display some limitations, which are extensively described elsewhere [47] , [48] .
Instead, another parameter will be of more help: the distribution coefficient K d . This coefficient is the result of the ratio between the volume concentrations of a compound in two immiscible phases at the equilibrium of the partitioning. Due to a lack of published K d values for biofilms, other reference matrices must be considered. For instance, polysaccharide gels and low organic carbon aquifer sediments. Polysaccharide gels have been previously used as suitable models for studying the sorption of organic compounds in biofilms [49] , [50] . Gellan gels for instance may be a suitable surrogate for biofilms [51] . Some authors tested the partitioning of phenanthrene between gellan gels and water. They reported an equilibrium distribution coefficient of 1.5 [52] , [53] . Useful data was published also by other authors, who studied the sorption of pyrene and phenanthrene onto low organic carbon aquifer sediments and alginate beads [54] - [56] . According to all these studies, the K d of pyrene is equal to 5 -8 and the K d of phenanthrene ranges between 1.0 and 2.7. The K d values of PCBs, which were reported for model matrices such as alginate beads, surface sediments and sludge, are equal to 10-75 [37] , [57] - [59] .
Once all variables have been collected, the value of the desorption rate for PAHs and PCBs in biofilms has been obtained inserting the raw numbers in the kinetic function previously described (Equation (1) and (2) ).
Using the K d values of phenanthrene and pyrene and of the reference PCBs presented before, according to the Equation (2) it was possible to estimate the initial concentration of pollutant within the biofilm (C). The values of C are 2.4 mg/L and 1.4 mg/l for phenanthrene and pyrene respectively and between 2 mg/L and 15 mg/L for the PCBs.
III. BIODEGRADATION MODEL
In this first model the desorption mechanism is not considered. The values presented here will be exploitedin the last chapter, in order to have a better overview of the involved mechanisms. In Table I the degradation rates of reference compounds in biofilms and river sediments are listed. These values are reported from previous studies.
The result is a "biodegradation-based" memory effect of 1.2 -10 days for phenanthrene and of 1.8 -7.2 days for pyrene.
PCBs display much faster biodegradation rates within biofilms. In this case, the memory effect of a biofilm sample would last between 5 hours and 1.75 days (Table I) .
Only one previous study has presented unequivocal results on the biodegradation kinetics of phenanthrene and pyrene inside a microbial biofilm. Zhang and colleagues observed that within the biofilm phenanthrene and pyrene had been almost completely biodegraded after 3-5 days [60] . This is in agreement with the model presented here. 2 packed bed column reactor [64] 0.9-1 mulch biofilm barrier [65] pyrene 0.6 on phenanthrene crystals [63] 0.2 packed bed column reactor [62] 0.8 mulch biofilm barrier [65] Declor 103 5.6 Immobilized bacteria in alginate [66] 4-CB cogeners 10 Biofilm on glass beads [67] Kaneclor 300 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Immobilized bacteria in alginate [68] Aroclor 1260 1.8-10 Biofilm in fluidized bed reactor [69] IV. DESORPTION MODEL The remobilization of pollutants from biofilms can occur via detachment of the biofilm matrix from the substratum or via diffusional desorption of the pollutant molecules into the water column. Both mechanisms can influence the release of PAHs and PCBs in the water. However, the detachment of physical portions of the biofilm can be due to several factors, some of which involve also unpredictable events such as predator grazing or temporary increase of shear forces [70] . These mechanisms will not be considered here, since they are the result of not reproducible events. Desorption instead is regulated by physical-chemical properties of biofilms, which have been modeled and investigated before.
Whenever unequivocal data for biofilms was missing, reported results on reference matrices have been exploited. These surrogates would be biofilm-like sorbents such as sludge, sediments and immobilized cells in hydrogels. High percentage of reversibility was observed for the absorption of HOC in all these surrogates.
Under batch shacking conditions, for all the studies, 70-90 % of the absorbed molecules were desorbed back into the water phase [27] , [29] , [71] - [75] . It is necessary to point out that most of that reference research has been focused on bio-removal purposes and all desorption tests were planned as "regeneration procedures" in batch shacking systems. This aspect must be taken under consideration. In fact, the desorption of hydrophobic organic compounds (HOC) from these matrices, is significantly affected by a lack of flow conditions and by the effect of the gradient of concentration on the partitioning of the pollutants between the sorbent phase and the solvent phase (Fig. 1) . It is fair to say that the flow of the water over the biofilm surface could increase this percentage and therefore the kinetics of desorption are expected to be significantly faster. The laminar flow rate increases the mass transfer between solid-liquid systems [76] . One more reason to assume that the absorption of those pollutants on river biofilms under dynamic conditions is a reversible process.
Reversibility and fast kinetics have been observed indeed for the desorption of phenanthrene and pyrene in sediments with low organic carbon content, soil-slurry systems and sludge (Table II) [55] , [63] , [77] , [78] .
The rate constant values reported from previous studies, have been exploited in order to calculate the desorption rate based on the Equation 1. Following this model, the memory effect on pyrene and phenanthrenehas been calculated as equal to 0.4-20 hours and 0.5-2.5 hours respectively. At least for phenanthrene, this result seems to confirm another recently published value of 2.5 hours, which was observed for the desorption of phenanthrene from a polysaccharide gel slab, used as model of aquatic biofilms [53] . For pyrene no published data were found, which could confirm these numbers. According to this monophasic desorption model, the biodegradation rate does not influence significantly the memory effect of a biofilm onphenanthrene and pyrene, because its values range from 1 days to 10 days. The desorption mechanism causes a faster depletion of the pollutant than the biodegradation. For PAHs, the biodegradation is very slow and has no significant influence.
On the contrary, the desorption rates for the PCBs presented in Table II are much lower than for PAHs. The memory effect on the reference PCBs listed in Table IIis equal to 27-55 hours. In this case the desorption has not a significant influence and the memory effectis defined by the biodegradation rates only. (Table I and II). 
V. BIPHASIC MODEL
The desorption of PAHs and PCBs from aquatic sediments and aquatic materials has been modeled as a two steps mechanism: a first fast desorption, followed by a slow desorption. The slow rate constants are equal to 0.3-1.8*10 Table II [40] - [42] , [81] - [83] . According to this model, 70%-90% of the PAH molecules and 60%-80% of the PCB molecules are desorbed following initial fast desorption kinetics, while the remaining portion, 10%-30% for PAHs and 20%.40% for PCBs, is desorbed with slow rate constants. The second desorption phase involves the molecules strongly associated with the matrix. If the biodegradation is not acknowledged, the memory of a biofilm sample for PAHs and PCBs would last about 70 days and 90 days respectively.
But the biodegradation of PAHs would play a crucial role during the second phase of slow desorption. The diffusional desorption rates of phenanthrene and pyrene in the second phase (0.7×10 -3 mg/Lh Science and Development, Vol. 7, No. 12, December 2016 first desorption phase is 3.4 hours and 3.3 hours respectively. The overall memory effect is obtained adding the value from the first phase to the value of the second phase. Its extent on phenanthrene ranges between 13 hours and 91 hours, while on pyrene it is around 15.3-54.9 hours.
On the contrary, the biodegradation of PCBs in biofilms seems to influence both first and second phase of desorption significantly. In fact, the biodegradation of PCBs in biofilm is the main depletion mechanism during both phases. The biodegradation rate of PCB is 0.4 mg/L h -1 . This value is comparable to the desorption rate of the first phase (0.35 mg/L h -1 ) and significantly higher than the desorption rate of the second phase (1-8*10 -4 h -1
). According to the biphasic model, the overall memory of a biofilm sample for PCBs would be equal to 2-30 hours depending on the chlorination of the molecules.
VI. CONCLUSION
A review of previously published desorption and biodegradation rates of reference PAHs and PCBs from river sediments, sludge and hydrogel matrices was carried out in order to measure the memory effect of aquatic biofilms on the partitioning of these pollutants. In particular, the memory effect under dominant flowing conditions was described. Both monophasic and biphasic models were outlined. According to empiric studies, the biphasic model seems to be a more correct model than the monophasic model, for describing desorption kinetics of HOC in water from model organic matrices. For them, the desorption hysteresis was reported by various authors [40] , [80] - [85] .
Some published investigations are also focused on the effect of surfactants on desorption and biodegradation of the compounds in aquatic biofilms [86] , [87] . This aspect was not debated here, but the presence of surfactants in the water phase during desorption, it is expected to decrease the value of the memory effect.
From the results of this investigation, the retention and availability of PAHs and PCBs in aquatic biofilm samples lasts 1-3 days. Sampling procedures, which are carried out by longer sampling intervals, are not reliable for assessing pollution along a water stream using aquatic biofilms as passive samplers. Contrary to what is assumed in many cases, the memory effect on PAHs and PCBs seems to last only shortly. Empirical studies, which report the accumulation of these pollutants in epilithic biofilms within intervals of months, are likely to be the result of shorter and subsequent absorption-desorption cycles and simultaneous biodegradation. These cycles might have been disregarded during those investigations [27] , [88] . In other cases, as previously explained, the use of not suitable partition coefficients (K oc and K ow ) could cause the overestimation of the retention times of HOC in aquatic biofilms [19] , [30] . The main results produced by this work fully matches what has been observed by previous field and laboratory studies [29] , [53] , [89] . This new information is crucial to avoid false results for monitoring PAHs and PCBs in rivers and water streams.
All raw data contained in this manuscript have been already published elsewhere, but no one before has ever used them in order to model the partitioning of PAHs and PCBs between biofilms and water under dynamic conditions. Surrogate matrices have been extensively used as reference to support this interpretation. Microbial biofilms are highly heterogeneous systems in the environment and their sorption properties are not fully understood. Actual values of distribution coefficients and desorption rates for PAHs in biofilms are missing and only few values were published for PCBs. The knowledge we have about biofilms only wouldn´t have been enough to complete this study. This is why other matrices with similar properties have been included as surrogates of biofilms.
An important aim of this work is to stimulate new research, so that the memory effect of aquatic biofilms on hydrophobic organic compounds in water streams can be studied more systematically for monitoring purposes. 
